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metal with a medium high stacking fault energy. Prismatic loops with a '- \ 10] 
Burgers vector result from the irradiation; this could be proved by observing 
their motion. The loops anneal out a t the temperature where vacancies are 
thought to become mobile. 
Preferential loop formation is noticed a t certain boundaries, in particular 
along coherent twin boundaries. This is considered as evidence tha t correlated 
collision chains lead to preferential defect formation at these boundaries by 
"defocusing" of [110] focussons. 
I t is noticed that for small doses dislocation loops are not distributed at 
random in the interior of the grains but show a tendency to be aligned. This 
is interpreted as resulting of loop nucleation along the path of a fission fragment. 
After quenching, specimens contain both cavities and loops. The damage 
rate of quenched specimens seems to be larger than tha t of annealed ones; 
the loop concentration is less along a denuded zone parallel to boundaries and 
subboundaries. 
I t is suggested tha t either the vacancy clusters left by quenching are nuclea-
tion sites for loops or that the vacancy clusters defocus focussons and hence 
increase the damage. 
I t is shown by means of contrast experiments that the loops left after 
irradiation are both interstitial and vacancy loops. 
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C A P T I O N S F O R F I G U R E S 
Fig, la α-uranium foil after recrystaI IÍzat ion at 650°C for 12 hours. 
lb : Beaten platinum foil after recrystaI IIzatIon at 800°C for 2 hours. 
Fig. 2a ; CC-uranlum foil after mechanical deformation and partial annealing at 500° C for 2 hours. 
Dislocations In form of double lines. 
2b : α-uranium foil after mechanical deformation and partial annealing at 500°C for 2 hours. 
Dislocations in strange contrast. Twin visible. 
Fig. 3 : ß-uranlum foil with 1.5% chromium, quenched from 700°C and aged at 400°C for 1 hour. 
Fig. 4 : Spherical cavities In quenched platinum foils. Interaction of the dislocations with the cavities 
in the middle of the segments marked C. 
Fig. 5 : Dots and loops In fission fragment irradiated foils. By looking under a small angle along the 2 
photograph linear arrangements of dots will become apparent (dose 2.5 x 1 0 1 1 fission fragments/cm ) 
Fig. 6 Glide movement of loops under the Influence of shear stresses set up by the electron irradiation. 
The arrows Indicate loops In two different positions. 
Fig. 7 Preferential damage formation at coherent twin interfaces. Foil plane is (110). Foils Irradiated 
with fission fragments (dose 2.5 χ 1 0 1 1 fission fragments/cm2). 
Fig. 8 Schematic view of atomic arrangement at a coherent twin boundary in a face centered cubic crystal. 
The arrangement is viewed along the <ll0> direction. It is clear that a collision chain propagating 
along 1 - 2 - 3 will result In the displacement of atoms 4 and 5 and possibly other atoms.. 
Fig. 9 Platinum foil after different Irradiation treatments. 
a) After Irradiation by 1018 n/cm2 at -180°C. Observed at room temperature. 
b) After Irradiation by 7 χ 1015 n/cm2 in contact with uranium at 80°C. Raggy dislocations marked 
by arrow. 
Fig. 10 Platinum foils exposed to O-partlcles by irradiating with neutrons in contact with boron nitride 
during 10 days at a flux of 1.4 χ 1012 thermal neutrons/cm2 sec. During Irradiation the foil was 
kept at liquid nitrogen temperature but the observations were made at microscope temperature. 
No denuded zone is found along the boundary« 
Fig. 11 a) Polyhedral cavities formed on pulse annealing in the microscope of O-irradlated specimens. 
b) On repeated pulse annealing some cavities disappear, others start producing dislocation loops. 
Notice also pairs of dots presumably resulting from loops intersecting the surfaces. 
Fig. 12 : Well developed polygonal loops in specimen heavily Irradiated with O-partlcles (same dose as 
Fig. 10). The specimen was annealed during 1 hour at 500°C. Notice the separation into families 
of loops having the same outline and the same contrast. Some loops are out of contrast satisfying 
the criterium g.b" = o lg = diffraction vector) ; they only show residual contrast due to the 
radial displacements . The diffraction vector is Indicated. Some of the out of contrast loops 
have a size comparable to the foil thickness suggesting that they are nearly in the foil plane. 
Fig. 13 Prismatic loops in the f.c.c. structure, showing the glide cylinder on as dotted lines. 
The direction of climb is indicated by arrows, 
a ) Vacancy I oops 
b ) Interst 11 i a I loops 
Fig. 14 Interstitial and vacancy loops in normal and inclined position ; c and a denote respectively 
clockwise and anti-clockwise rotation of the lattice. 
a) Vacancy loop normal to the beam 
b) Vacancy loop Inclined 
c) Interstitial loop normal to the beam 
d) interstitial loop inclined. 
Fig, .".5 ; Relative position of diffraction spot and corresponding Kikuchi line allowing the determination 
of the sign of s and S. 
a ) s = o b ) s > o c ) s < o 
S is the sense in which the lattice has to be,, rotated in order to go into the Bragg condition. 
Fig. 16 Sequence of photographs illustrating the procedure used in determining the character of one 
family of loops indicated by arrows. The corresponding diffraction patterns in their correct 
orientation with respect to the images are also shown. 
a) Foils normal to the beam : foil plane is (110), operating reflection (111). 
Loops showing residual contrast are indicated by arrows. 
b) Foil Is Inclined.45° with respect to the incident beam. The axis of rotation is horizontal 
on the photograph, the sense of Inclination Is indicated by up and down. Operating reflection 
(202) s > o . 
c) Same as (b) . Operating reflection (202), s > o . 
Fig. 17 Sequence of photographs used to determine the characters for a number of loops similar to that 
shown In Fig. 16 . The deduced character is Indicated for a number of loops. 
Fig. 18 Removal of the stacking fault of the interstitial loop by glide of partials along the loop plane. 
a) The I nterst 11 la Is form a disc 
b) A partial passes above the plane of the loop 
c) A second partial passes underneath the loop. 
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SWELLING OF URANIUM 
SUMMARY 
This f i n a l r e p o r t deals w i t h some observa t ions by means of t r ansmiss ion e l e c t r o n microscopy on 
d i s l o c a t i o n s in pure uranium, on a 1.5 % chromium-uranium a l l o y and on d i s l o c a t i o n s and r a d i a t i o n damage 
in p la t inum . These observa t ions were performed as a p r e l i m i n a r y study of the more complex behaviour of 
the f i s s i o n product gases formed In uranium under I r r a d i a t i o n . In order to get a b e t t e r understanding of 
t h i s behaviour i t was f i r s t considered worth w h i l e to perform "Model exper iments" along the same l i n e but 
on a metal of s impler c r y s t a l s t r u c t u r e than uranium ; t h i s j u s t i f i e s the use of p la t inum . The p la t inum 
was in the form of t h i n beaten f o i l s . Annealed, as w e l l as annealed and subsequent ly f i s s i o n fragment and 
O - p a r t i c l e i r r a d i a t e d f o i l s were examined . The annealed f o i l s show f e a t u r e s which are t y p i c a l f o r a face 
centered cubic metal w i th a medium high s tack tng f a u l t e n e r g y . P r i smat ic loops w i t h an - L l i o j Burgers 
vector r e s u l t from the i r r a d i a t i o n ; t h i s could be proved by observing t h e i r motion . The loops anneal out 
a t the temperature where vacancies are thought to become mobile . 
P r e f e r e n t i a l loop fo rmat ion is no t iced at c e r t a i n boundar ies , In p a r t i c u l a r along coherent tw in 
boundaries . This is considered as evidence t h a t c o r r e l a t e d c o l l i s i o n chains lead to p r e f e r e n t i a l d e f e c t 
fo rmat ion a t these boundaries by "defocus ing" of LllOJ focussons . 
I t is not iced t h a t f o r small doses d i s l o c a t i o n loops are not d i s t r i b u t e d a t random In the i n t e r i o r 
of the g ra ins but show a tendency to be a l i g n e d . This is i n t e r p r e t e d as r e s u l t i n g of loop n u c l e a t i o n along 
the path of a f i s s i o n fragment a 
A f t e r quenching, specimens c o n t a i n both c a v i t i e s and loops . The damage r a t e of quenched specimens 
seems to be l a r g e r than t h a t of annealed ones ; the loop c o n c e n t r a t i o n Is less along a denuded zone p a r a l l e l 
to boundaries and subboundaries . 
I t is suggested t h a t e i t h e r the vacancy c l u s t e r s l e f t by quenching are n u c l e a t i o n s i t e s fo r loops 
or t h a t the vacancy c l u s t e r s defocus focussons and hence Increase the damage . 
I t is shown by means of c o n t r a s t experiments t h a t the loops l e f t a f t e r i r r a d i a t i o n are both i n t e r ­
s t i t i a l and vacancy loops . 
INTRODUCTION 
Swe l l i ng of uranium is of p a r t i c u l a r i n t e r e s t s ince i t imposes l i m i t s t o 
an o b t a i n a b l e burnup and on the f ue l ope ra t i ng temperature „ The volume 'increase 
i s a t t r i b u t e d t o segrega t ion of the gaseous f i s s i o n products in bubbles w i t h i n the 
fue l „ A number o f f a c t o r s are known o r suspected t o i n f l uence the s w e l l i n g beha-
v i o u r . S t r u c t u r a l and i r r a d i a t i o n v a r i a b l e s and a number of phenomena are i nvo lved , 
A l o t of t h e o r e t i c a l and exper imenta l work has been done on the study of these 
phenomena . 
I t appears t h a t the sca le of bubble n u c l e a t i o n and growth may be o f c o n -
s i d e r a b l e importance „ Cases where unacceptable s w e l l i n g behaviour occurs are due 
t o f o rma t i on o f bubbles of > IO-4" cm s i z e . This occurs i f samples are t h e r m a l l y 
cyc led du r i ng i r r a d i a t i o n o r a l l o y i n g a d d i t i o n s are p r e s e n t . More recent e x p e r i -
ments on OC-uranium i r r a d i a t e d at cons tan t temperatures between 200° and 600° C, have 
shown gas bubble fo rmat ion on a much f i n e r sca le » OC-uranium i r r a d i a t e d under such 
c o n d i t i o n s a f t e r 0.5 % burnup con ta ins bubbles o f ~ |0~^ cm d iameter at a spacing 
of 5 x I O - 5 c m . A remedy t o excess ive s w e l l i n g would then c o n s i s t in f i n e l y d i s -
pers ing the gas bubbles „ 
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The fine scale bubble formation has been considered from a theoretical 
point of view by GREENWOOD et al. [l] . These authors point out that the nucleation 
of gas bubbles and surface tension forces which exert a strong restraint on the 
bubble growth are rate controlling in the swelling phenomena. There are indica­
tions in other systems [24] that the gas bubbles nucleate under certain circum­
stances on dislocations, preferent i al ly on node points of the dislocation net­
works [25] . It was even found, that, if small enough, the bubbles can be used as 
a convenient decoration procedure [26] for revealing dislocations. If this is 
true it would be necessary to introduce a large number of nucleation sites in or­
der to get a fine dispersion of gas bubbles . This could e.g. be done by heavy 
plastic deformation . 
I» SUBJECT OF THE PRESENT RESEARCH 
The aim of this research was to establish whether bubbles of inert gas 
formed during irradiation in uranium are nucleated at dislocations or whether some 
alternative nucleation mechanism is operative e.g. nucleation at small precipitate 
particles . Particularly we intended to consider in some detail and from a funda­
mental point of view the fol lowing problems : 
1) the dislocation configuration of uranium 
2) the nature of the nucleation sites of the bubbles 
3) the mechanism of growth of the bubbles 
4) the growth kinetics of the bubbles 
5) the influence of thermal cycling 
6) the effect of ρ re­irrad¡at i on heat treatment . 
Since transmission electron microscopy has proved to be an exceptional 
tool in studying dislocations, precipitates or radiation damage, this technique 
has been mainly used for the present research . 
In order to get a better understanding of the phenomena to be investi­
gated it was first necessary to perform "Model experiments" on the same line on a 
metal of simpler crystal structure than uranium „ Platinum was the obvious choice 
because it is an attractive metal in many respects . 
Its atomic number is comparable to uranium, it has good surface properties and does 
not become very active on irradiation . As a consequence of its high melting point 
it was hoped that irradiation damage would not anneal out completely at reactor 
temperature and this proved correct . Furthermore, although most of the face cen­
tered metals have been studied intensively by transmission electron microscopy, not 
much attention has been devoted to platinum . 
This final report consists of two parts : the first part is concerned 
with a description of the results on uranium, the second part contains the summary 
of the results on the "Model experiments" on platinum . 
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2ο EXPERIMENTAL METHODS 
The method used was t r ansm iss i on e l e c t r o n microscopy o f t h i n f o i l s . 
a) Thinning of bulk specimens 
S u i t a b l e techn iques o f t h i n n i n g as de fo rmat ion and/or e Iec t ropo I i s h i n g 
were exp lo red „ 
b) Method of observation 
The technique of examining the thin foils referred to here has been de­
veloped in recent years [2] . The contrast observed in these foils is mainly dif­
fraction contrast . It requires careful orientation and therefore the possibility 
to give a wide range of orientations to the specimen . Combining the techniques of 
observation in transmission and of selected area diffraction, direction and sense 
of Burgers vectors of dislocations can be determined . This information is of im­
portance in view of the rôle of dislocations in the nucleation and growth process 
of the bubbI es . 
c) Equipment 
The electron microscope used in this study was a Siemens Elmiskop ! . 
3 o URANIUM 
3=lo Material 
Uranium with different amounts of impurities was used . The material 
consisted of : 
a) vacuum melted zone refined uranium of the following impurity content 
carbon 60 ppm ; iron 23 ppm , aluminium 29 ppm ; titanium 16 ppm . 
b) uranium of reactor grade purity 
c) uranium with 1.5 % chromium . 
3o2o Preparation of thin foils 
The procedure f o r p repa ra t i on o f t h i n uranium f o i l s of large homogeneous 
g r a i n s i ze and smooth c lean sur faces was somewhat the same as descr ibed by FISHER [3] 
Th is method c o n s i s t s o f o b t a i n i n g large α­uranium s i n g l e c r y s t a l s by a g r a i n c o a r ­
sening method „ Grain coarsening imp l ies a d i scon t i nuous type o f g r a i n growth du r i ng 
which a few g ra i ns grow t o a large s i ze in a f i n e ­ g r a i n e d m a t r i x „ Th is can be 
achieved by a d i s p e r s i o n o f i n c l u s i o n s (o f i m p u r i t i e s o r i g i n a l l y p resent ) on a very 
f i n e sca le in the m a t r i x . These i n c l u s i o n s are very e f f e c t i v e f o r i n h i b i t i n g c o n ­
t i nuous growth . During prolonged anneal ing the i m p u r i t i e s coalesce o r d i s s o l v e in 
the m a t r i x and some g ra ins begin a b r u p t l y t o grow at the expense o f the f i n e g r a i n s . 
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The u r a n i u m f o i l s o f 200 m i c r o n t h i c k n e s s were f i r s t s e a l e d i n t o e v a c u a t e d q u a r t z 
c a p s u l e s f o r Y ­ p h a s e hea t t r e a t m e n t . The c a p s u l e s were h e a t e d i n a f u r n a c e a t 
I000°C f o r s e v e r a l h o u r s and t h e n quenched i n a w a t e r b a t h i n o r d e r t o d i s p e r s e 
t h e i m p u r i t i e s . The f o i l s were t h e n reduced i n t h i c k n e s s t o abou t 30 m i c r o n s by 
a l t e r n a t e d r o l l i n g and a n n e a l i n g and were f i n a l l y a n n e a l e d a t 650°C d u r i n g s e v e r a l 
h o u r s . S u r f a c e o x i d e s were removed by e I e c t ropo I ish­iTtg'v ' ­ ' ,­*.■— 
In o r d e r t o i n t r o d u c e d i s l o c a t i o n s a f t e r ree r y s t a l I i z a t i o n t h e f o i l s o f 
CC­uranium were d e f o r m e d by r o t I i ng o r by r a p i d l y c o o l i n g and were a f t e r w a r d s a n ­
n e a l e d a t t e m p e r a t u r e s between 400" and 600°C . The f o i l s w i t h 1.5 % chromium c o n ­
t e n t were quenched f r o m 750°C i n o r d e r t o r e t a i n t h e ß ­phase . 
3o3.. E l e c t r o p o l i s h i n g procedure 
Numerous s o l u t i o n s have been examined as p o s s i b l e e l e c t r o l y t e s . The t e c h ­
n i q u e w h i c h gave s a t i s f a c t o r y r e s u l t s [ 4 ] was t h e f o l l o w i n g : 
a) The f o i l s a r e r a p i d l y t h i n n e d i n an e l e c t r o l y t e c o n s i s t i n g o f 80 % o r t h o ­
p h o s p h o r i c a c i d , a t 6 v o l t s u s i n g u r a n i u m as c a t h o d e . 
b) F i n a l p o l i s h i n g i n a s o l u t i o n o f 75 % s u l f u r i c a c i d , 18 % g l y c e r o l , , and 
7 % w a t e r a t 6 v o l t s w i t h p l a t i n u m as c a t h o d e . A t h i n p a s s i v a t i n g l a y e r 
i s fo rmed by t h i s t r e a t m e n t w h i c h p r e v e n t s t h e spec imen f r o m s t r o n g e r o x i ­
d a t i o n . The spec imens a re w i t h d r a w n f r o m t h e s o l u t i o n and washed ín e t h y t 
a l c o h o l . 
I t was f o u n d t h a t u r a n i u m f o i l s were e a s i e r t o p o l i s h i f t h e i m p u r i t y 
c o n t e n t was l o w . Uran ium f o i l s w i t h 1.5 % chromium were somet imes p r e f e r e n t i a l l y 
a t t a c k e d . 
3 . 4 . Observat ion in the microscope 
The e x a m i n a t i o n o f t h e r e c r y s t a l I i zed f o i l s r e v e a l e d a r a t h e r homogeneous 
g r a i n s i z e o f 50 m i c r o n s o r more „ A s u r f a c e s t r u c t u r e was a lways v i s i b l e on t h e 
m i c r o g r a p h s . T h i s i s shown i n F i g . I , a w h i c h r e p r e s e n t s a t y p i c a l r e g i o n o f r e ­
c r y s t a l l i z e d f o i l . Fo r c o m p a r i s o n see F i g . I ,b w h i c h r e p r e s e n t s an annea led b e a t e n 
p l a t i n u m f o i l . On ly f ew i r r e g u l a r d i s l o c a t i o n segments and t w i n s were p r e s e n t i n 
t h e α ­ u r a n i um f o i I s . S l i p t races were somet imes v i s i b l e . 
F o i l s d e f o r m e d and p a r t i a l l y annea led p r i o r t o e x a m i n a t i o n r e v e a l many 
d i s l o c a t i o n segments and t w i n s „ F i g s . 2 , a , b show t y p i c a l r e g i o n s o f a de fo rmed 
spec imen . The d i s l o c a t i o n s a re f o u n d t o be p r e f e r e n t i a l l y i n f o r m o f d o u b l e l i n e s . 
Somet imes t h i s was due t o t w o o p e r a t i n g r e f l e c t i o n s , bu t i n o t h e r cases n o t . I t i s 
t h e r e f o r e assumed t h a t t h e d i s l o c a t i o n s a re s p l i t i n p a r t i a l s . Smal l d e f e c t s as 
i n c l u s i o n s o r d i s l o c a t i o n l o o p s a re r a t h e r d i f f i c u l t t o d i s t i n g u i s h f r o m t h e s u r ­
f a c e s t r u c t u r e l e f t a f t e r p o l i s h i n g as shown i n F i g . I , a and F i g . 2 . 
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F o i l s w i t h 1.5 % chromium were quenched, from 700°C in o rder t o r e t a i n 
the ß­phase . Th is cou ld be proved by e l e c t r o n d i f f r a c t i o n . F i g . 3 represents a 
micrograph o f a ß­uranium f o i l . The f e a t u r e s v i s i b l e on t h i s photograph are not 
we I I understood . 
Some c o n t r a s t e f f e c t s are presumably due t o d i s l o c a t i o n s . I t is assumed t h a t the 
s t r i p s , a lso v i s i b l e in F i g . 3, represent reg ions o f t r a n s f o r m a t i o n o f the meta­
s t a b l e ß­phase t o α­uranium . 
3o5. Conclusions 
The direct observation of uranium foils by transmission electron micros­
copy has supplied qualitative information on dislocations. The following conclu­
sions are drawn as a result of the observations . 
a) Thin uranium foils of large homogeneous grain size prepared in a way some­
what similar as described by FISHER prove to be a suitable starting mate­
rial for radiation damage studies by electron microscopy . 
b) The e Iectropo I i sh ing technique for obtaining very thin regions is still 
unsatisfactory „ A slight surface structure is always left after electro­
polishing » We were able to observe the dislocation structure in the 
foils. However; smal I defects as inclusions or d is I ocat i on loops were 
rather difficult to recognize . 
c) It is assumed that the dislocations in a_uranium are split in partials . 
Based on this observation the following recommendations for future work 
are advanced . 
Better electropo I i sh ing conditions should be explored in order to obtain 
passivated surfaces without surface structure . Attempts should be made to 
generate dislocation networks after deformation and partial annealing . 
Examination of networks should help to clarify whether the dislocations 
are sp I it in part i al s „ 
4. PLATINUM 
This par t i s concerned w i t h a study o f the substructure o f the p la t inum 
f o i l s p r i o r t o i r r a d i a t i o n , as we l l as a f t e r neu t ron , α ­ p a r t i c l e and f i s s i o n ­
fragment damage . 
4 . 1 . Foi l preparation and i r r ad i a t i on technique 
The p la t inum used in these i n v e s t i g a t i o n s 'was in t he form o f beaten f o i l s 
having a t h i ckness o f about one t e n t h o f a micron . I t s p u r i t y was about 99.998 %. 
The f o i l s were t h i n enough t o t r a n s m i t e l e c t r o n s as r ece i ved , but h e a v i l y deformed. 
They were t h e r e f o r e annealed f o r about one hour at 800°C . They g e n e r a l l y e x h i b i t e d 
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a pronounced (110) ree r ys t al Ι ι zat ion t e x t u r e . Coherent t w i n boundar ies p e r p e n d i ­
c u l a r t o the f o i l plane were not uncommon . Quenching o f these f o i l s was performed 
e i t h e r in a i r o r in vacuum by suddenly s w i t c h i n g o f f the e l e c t r i c a l c u r r e n t being 
used f o r heat i ng . 
For the neutron i r r a d i a t i o n the f o i l s were capsuled in evacuated quar tz 
tubes and i r r a d i a t e d at about ­ !80°C up t o a dose of 10'^ n/cm2 in a l i q u i d n i t r o ­
gen f a c i l i t y in the BRI r e a c t o r . The specimens were subsequent ly observed at 
room tempera ture . The i r r a d i a t i o n w i t h f i s s i o n f ragments was performed in eva ­
cuated quar tz by i r r a d i a t i n g s tacks o f p la t inum f o i l s in con tac t w i t h a uranium 
f o i l . The sandwiches were then i r r a d i a t e d in the BRI r e a c t o r at r e a c t o r tempera­
t u r e (80°C) . For the α ­ p a r t i c l e bombardment, s tacks o f f o i l s were packed in c o n ­
t a c t w i t h boron n i t r i d e and i r r a d i a t e d in the BRI r e a c t o r . The i r r a d i a t i o n was 
performed both at l i q u i d n i t r o g e n temperature and at room temperature . 
4.2o Resu l t s of o b s e r v a t i o n 
4*2*1* Annealed specimens 
The d i s l o c a t i o n s in p la t inum appear as s i n g l e l i n e s at the r e s o l u t i o n 
a v a i l a b l e w i t h the Siemens Elmiskop I (operated at 100 kV) . 
However, t h e r e are i n d i r e c t i n d i c a t i o n s t h a t the d i s l o c a t i o n s are d i s ­
soc ia ted ; we no t i ced c o n f i g u r a t i o n s as observed p r e v i o u s l y by WHELAN in s t a i n l e s s 
s tee l and i n t e r p r e t e d by t h i s au thor as Lome r ­Co t t rell b a r r i e r s [5] . 
The obse rva t i on o f p i l e d ­ u p d i s l o c a t i o n s is another i n d i c a t i o n in the 
same way . Fur thermore, c ross s l i p has been observed on ly e x c e p t i o n a l l y and i t 
occurred in a r a t h e r compl ica ted way . F i n a l l y , anneal ing tw ins were r a t h e r common. 
A l l these obse rva t i ons s t r o n g l y suggest a d e f i n i t e sepa ra t i on i n t o p a r t i a l s . No 
extended o r con t rac ted nodes are reso lved in hexagonal networks , showing t h a t the 
s tack ing f a u l t energy must be large enough t o cause a sepa ra t i on i n f e r i o r t o the 
r e s o l v i n g power o f the microscope . Th is puts a lower I ¡ m i t t o the va lue o f γ o f 
about 30 e rg /cm 2 . 
4*2*2* Quenching experiments 
Quenching exper iments in meta ls have shown t h a t vacancies p r e c i p i t a t e 
e i t h e r as loops [6] or as t e t r a h e d r a [7] depending on the magnitude o f the s t a c k i n g 
f a u l t energy . No d i r e c t obse rva t i ons o f quenched­in de fec t s are a v a i l a b l e f o r 
ρ I at i η urn . 
The very t h i n f o i l s descr ibed above, were quenched a f t e r anneal ing in 
vacuum at a tempera ture j u s t below the m e l t i n g p o i n t . A f t e r some anneal ing most 
of the quenched f o i l s present r ing­shaped c i r c u l a r f e a t u r e s , sometimes polygonal 
f ea tu res of va ry i ng s i z e , but most ly s m a l l e r than 100 λ (see F i g . 4) „ The c o n ­
t r a s t is q u i t e d i f f e r e n t from t h a t of d i s l o c a t i o n loops . I t is d i f f i c u l t t o 
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decide whether the features are at the surface or in the interior . Some of the 
larger features seem to be at the surface since in one of them moiré fringes could 
be observed „ After cleaning with different acids most of the features remain how­
ever . It is believed that they are in the interior of the foil . Many dislocations 
connecting top and bottom surface interact strongly with the rings somewhere in the 
middle of the segments ; see e.g. the segments marked C . The projected length of 
the segments is about 1000 A, and since the thickness of the foil is about the same 
(as derived from slip traces) the inclination of the segments is about 45° . It is 
unlikely that a surface feature would strongly interact with a dislocation line 
500 Å below it without changing considerably the shape at the same time . It is 
therefore thought that the circular features are inside the foils . Since they are 
always observed as circular it is suggested that 'they are in fact spherical voids 
or cavities and not loops . 
The voids are preferentially located on dislocations, presumably because 
the latter were stopped on passing close to the void . It is unlikely, although 
not excluded, that voids were nucleated on dislocations . The cavities formed in 
the quenched foils are difficult to eliminate ; they appear to be stable up to 
about 800°C . They grow slightly after annealing at about 500°C and disappear after 
annealing at about 800°C . 
The question now arises why vacancies in platinum prefer to form voids 
instead of loops . According to FRANK [δ] the energy of a spherical void is lower 
than that of the dislocation loop for small η (η : number of vacancies in the ag­
gregate) „ Initially vacancies will form spherical voids . For η larger than some 
critical value, however, the loop has the smaller energy and one would therefore 
expect that the fina! defect will generally be a loop . However, in going from the 
spherical shape to the dislocation loop the void has to increase its surface con­
siderably and adopt presumably a complicated intermediate shape „ An energy barrier 
has to be overcome for the loop to form and this energy is directly proportional 
to the surface energy . Since platinum is one of the metals with the highest surface 
energy, the spherical cavities may find it difficult to transform into loops „ 
4*2*3* Irradiated material 
4*2*3*1* Radiation damage induced by fission fragments 
The results of fission fragment damage in platinum appear to be rather 
similar in aspect to the results of neutron damage in copper presented by SILC0X 
and HIRSCH [9] . The main difference is that similar concentrations of defects are 
obtained after a much shorter irradiation time owing to the much higher energy of 
fission fragments . 
a) Damage within the grain 
The damage c o n s i s t s o f b l a c k d o t s and d i s l o c a t i o n l o o p s . A c l e a r d i s ­
t i n c t i o n between d o t s and l oops as was made in t h e case o f c o p p e r by MAZEY and 
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BARNES [IO] IS not possible here . The black dots may well be of the same nature 
as the resolvable loops, only much smaller. 
(i) The contration increases with dose, but the dependence is less than linear. 
Foils which have been bombarded respectively with 2.5 χ 10 and 2.5 χ 
10'' fission fragments/cm2 present about 5 χ IO10 and 1.5 χ IO' ' dots/cm2. 
Considering a foil thickness of 1000 λ, the total number of dots per unit 
volume is 5 χ ΐο'^ and 1.5 x 10'^ . With Increasing dose the concentration 
of loops of all sizes increases . In particular, loops of larger size start 
to appear, presumably as a result of growth and coalescence of smaller 
I oops (Fig, 5) . 
(ii) It was found that even in uniformly Irradiated specimens the dots are not 
arranged at random but on the contrary show a preference to be on straight 
lines In certain areas [||] . This Is shown in Fig. 5 where the linear 
arrangements are Indicated by arrows . As described later, spots line up 
along grain boundaries and more specially along twin boundaries . This 
effect Is, however, completely different from the phenomenon discussed 
here, which takes place within the bulk of the grains „ 
A statistical analysis shows that the probability, that the linear arrange­
ment should be fortuitous, is small . It Is therefore suggested that they 
result from the passage of a fission fragment at very small angles of in­
cidence with the foil . The dots or loops are presumably nucleated at 
spots where primary knock-ons have taken place, resulting in the displace­
ment cascades as suggested by SILC0X and HIRSCH [9] . The dots would then 
represent vacancy loops . 
(iil) In general there Is no denuded zone along the grain boundaries in foils 
annealed prior to Irradiation, hereby suggesting that long range diffu­
sion during Irradiation is not important for the formation of loops . In 
copper, on the contrary, zones denuded of loops but not of dots were 
usually found [ I l] along the grain boundaries . This is in fact one of 
the arguments that was used to conclude to the existence of two kinds of 
defects c Iusters „ 
(iv) A most remarkable phenomenon was noticed . In a number of cases loops 
started to osci I late slowly in a jerky fashion between two positions, as 
shown In Fig. 6, thereby changing shape , The movement Is conservative 
since the loop has again the same size when returning to its original po­
sition . The di reet I on of movement is along <II0>. The observât ion 
proves unambiguously that the loops are of prismatic character since they 
can glide on a cylinder para Mel to < I I0> . The poss ibility of glide ex-
cludes the presence of a stacking fault within the loop . Movement of the 
same type has been described previously by PASHLEY in gold films [|3] . 
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(ν ) Anneal ing at temperatures in the range o f 420­470"C causes a decrease in 
the number o f do ts and a s l i g h t inc rease in s i z e . The temperature of 
420"C corresponds t o the range where accord ing to P'.ERCY [ l 2 ] vacancies 
become mobi le . In t h i s temperature range rap id po lygon i zat i on Is observed 
in quenched specimens „ I t is t h e r e f o r e reasonable t o assoc ia te the ar 
rangement o f dots w i t h the movement o f vacancies r e s u l t i n g in the growth 
of the l a r g e r ¡oops at the expense of the sma l l e r ones . At 470°C the dots 
comple te ly d isappear a f t e r a 1/2 hour anneal ing and the f o i l becomes c l e a r 
as before „ 
b) Preferential damage formation at coherent twin boundaries 
In the course of these investigations it was found that dots are prefe­
rential 'y formed at coherent twin boundaries. This is pronounced in foils irra­
diated to an intermediate dose (2.5 χ 10 cm­2) as shown in Fig. 7 . We believe 
that this phenomenon gives rather strong evidence that focusing collisions take 
place in platinum and contribute to the dot formation . The transport of defects 
could for instance take piace by means of focusing collision chains., either of the 
SILSBEE type [14] or of the type discussed more recently by LEHMANN and LEIBFRIED 
[!5] . 
(Î) In the face centered cubic lattice focusing of the SILSBEE type [14] pro­
ceeds mainiy along < ! I0> di reet ions. To a smal 1er extent focus ing a'so 
occurs along <I00> and <| I i> dì reet ìons . Th i s was shown experi mental ly 
by THOMPSON [¡6J by means of sputtering experiments and it results from 
the machine calculations of VINEYARD [17] and from theoretical ca;cu'at.ons 
by LEHMANN and LEIBFRIED [ 15] . 
Let us consider as a specific example a focusing chain along the <I0> di­
rection . The <i!0> direction in one crystal of the twin Is paral ie! to a 
<i!4> direction in the other crystal . On arriving at the twin interface 
the focusing collision will suddenly become a non­focusing one or in other 
words a defect producing collision., provided enough energy is ieft to 
cause the displacement. This 'is shown schematically in Fig. 8. 
Focusing collision chains are expected to be defocused by isolated point 
defects . In an attempt to demonstrate this we intensively studied quenched 
foils ; so far no preferential defect formation at coherent twin boundaries 
was found . 
(ii) The second type of focusing mechanism consists in the propagation of atoms 
along the open < I !0> and < I00> channels in the face centered cubic struc­
ture . The atoms,, shot out from a displacement spike,, now travel along the 
open tunnels . On arriving at the twin boundary the tunnel changes abruptly 
its direction (see Fig. 8),. the atom "hits the wall of the tunnel" and 
therefore damage production takes place . This second type of focusing has 
a larger range and moreover takes place at higher energies than the SILSBEE 
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mechanism . The observed decoration effect is probably the result of both 
processes . The decoration observed at isolated dislocations can also be 
explained as the result of defocusing of collision chains passing close 
to a dislocation . The curvature of the lattice rows in the vicinity of 
the dislocation may be sufficient to enhance locally the damage rate and 
hence increase the local nucleation rate of the loops . 
Summarizing, the coherent twin interface plays a unique role in causing 
damage because it is an effective barrier for focussons without being a 
sink for the defects formed In its vicinity . Focussons, which In the per­
fect crystal would dissipate their energy without causing displacement, 
will do so on i ntersect ing a twin interface. 
4*2-3*2* Effect of quenching 
Quenched and unquenched foils were irradiated in contact with the same 
uranium foils, i.e. under exactly the same circumstances. The following observa-
tι ons were made : 
(i) the loop concentration in the quenched foils is larger than In the un­
quenched ones 
(il) in the quenched foils denuded zones are formed along the boundaries on 
ι rrad I at i on . 
These observations can be explained either as the result of enhanced 
damage formation due to the presence of vacancies and vacancy clusters (e.g. by 
defocusing of collision chains), or as the result of enhanced nucleation [li] . 
In quenched foils the boundaries are bordered by zones containing less 
vacancies . The formation of denuded zones on irradiation is as a consequence a 
confirmation of the first observation . 
4.2.3.3. Radiation damage induced by neutron irradiation 
Foils which have been Irradiated In the reactor for 14 days at liquid 
nitrogen temperature (IO ° n/cm2) were investigated In the electron microscope at 
room temperature „ Fig. 9 shows a photograph which represents an area bombarded 
by neutrons alone . When comparing Fig. 9a with Fig. 9b which represents another 
region which was in contact with uranium during neutron irradiation, one diffe­
rence is obvious . The measles effect in the form of black dots is only visible 
in foils exposed to fission fragments . However, both photographs show defect for­
mation at subboundaries and raggy-shaped dislocations (arrow) . This suggests that 
damage also occurs in the neutron irradiated foils . The fact that no loops were 
nucleated within the grains is.probably due to the low instantaneous concentration 
of defects . At heterogeneities such as dislocations and subboundaries, a high 
concentration of defects builds up locally and this results in the decoration ef­
fect . This observation points to preferential damage formation and heterogeneous 
nucleation especially under conditions of small instantaneous concentration . 
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4*2*3°4- ^-damage 
A stack of platinum foils was exposed to α­particles from boron nitride 
in contact with it during 10 days (neutron flux of 10'2 n/cm/sec) at liquid nitro­
gen temperature . The foils in direct contact with the boron nitride were dis­
carded ; no attempt was made to evaluate the exact α­dose In the examined foils. 
After irradiation the foils were threaded by a large concentration of 
dislocations segments and a high concentration of small dislocation loops is also 
present (see Fig. 10) . The annealing behaviour of these foils is more complex 
than that of the fission fragment irradiated ones „ This is probably a consequence 
of the presence of helium atoms which become mobile in roughly the same tempera­
ture range where annealing of defects takes place . 
On pulse annealing in the microscope by Increasing the electron beam in­
tensity, small polyhedral cavities are formed ; some loops are left . On repeated 
pulsing some of the cavities apparently produce new loops, as for instance In 
Fig. I I a, b . 
The temperature of the specimen during these pulses Is not known „ There­
fore experiments were also performed with the specimens heat treated in a furnace. 
Annealing at 500°C during I hour gives rise to large polygonal loops, of which 
examples are shown In Fig. !2 . The nature of the loops is discussed below . An­
neal ing at 500°C during a 1/2 hour Introduced cavities rather similar to those ob­
tained by pulse annealing ; the concentration was however smaller. These cavities 
appear to be stable up to 700°C . 
Tentatively, the annealing behaviour can be understood by assuming that 
the dissolved helium becomes mobile at about 560°C, i.e. just above the temperature 
where defects become mobile, i.e. 500°C . Annealing at the lower temperature (500ÜC) 
would make possible the migration of the radiation produced defects and the forma­
tion of loops ; the helium would remain dispersed . At the higher temperature the 
helium may become sufficiently mobile to agglomerate and form cavities, whereas 
loops anneal out, the vacancies being absorbed by the cavities . 
The formation of the cavities during pulse annealing In the microscope 
may be due to the high instantaneous concentration of vacancies „ The treatment 
would therefore be somewhat comparable to a quench, the presence of the helium 
may stabilize the cavities and make them grow by attracting vacancies . 
4o3o Determination of the loop character 
Making use of the one­s ided nature o f d i s l o c a t i o n c o n t r a s t when the i n t e r ­
ference e r r o r i s apprec iab ly d i f f e r e n t from zero , i t i s poss ib le t o determine the 
s ign of the Burgers v e c t o r , . Hence, i t becomes a lso poss ib le t o determine the c h a ­
r a c t e r of the p r i s m a t i c loops, i . e . whether they are due t o vacancies or i n t e r ­
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stitlals, at least provided the loops are not too small . The method has been ap­
plied to prismat ic I oops in deformed magnesi um ox ide [18] and to g I issi I e d i s I oca­
tions parallel to the foil plane in tin disulfide [19] . In the platinum specimens 
irradiated by α­particles at liquid nitrogen temperature, the loops can be made to 
grow to a sufficient size by anneal ing around 500°C during I or 2 hours . We shal I 
discuss contrast experiments with loops which lead to the conclusion that both types 
of I oops occur . 
4*3*1* Burgers vector of the loops 
The direction of the Burgers vector is not required for a determination 
of the loop character, however, it is helpful in finding the loop plane . In the 
f.c.c. metals, prismatic loops have Burgers vector of the type ^ [llO] as shown 
by HIRSCH et al. [6] for vacancy loops In quenched aluminium „ For the loops in 
α­irradiated and annealed platinum the Burgers vector could be Inferred from the 
following observations „ 
(i) Residual contrast Is observed for reflections of the type {ill}, {311}, 
{100} (Fig. 12) . Although these extinctions were observed in different 
specimens, they are all consistent with an ^ [llO] type vector. Other 
vectors consistent with this combination of three would have higher in­
dices and are therefore improbable . 
( I I) Occaslona Ií y some of the smal 1er I oops oscillate during observât¡on . 
Their direction of movement is consistent with an ­S [ I 10] type Burgers 
vector, If it is assumed that they are prismatic loops moving conserva­
tively on their glide cylinder (Fig. 6) . 
4*3*2* Loop plane 
When observing the loop shapes in annealed foils it ¡s evident that they 
can be divided into categories having the same outline and the same contrast . 
We assume that they are located in the same plane and that their Burgers vectors 
have the same direction . In certain orientations the loops appear as small seg­
ments because the loop plane is paral lel to the incident beam . It is then found 
that the loops lie preferentially in ( 110) planes at least after annealing, they 
apparently have a tendency to become purely prismatic . This tendency is explained 
as foilows : 
(I) Conservative glide on a prismatic surface defined by the loop and of which 
the direction is paral lel to b, may reduce the loop length . This length 
is a minimum if the loop plane is perpendicular to b . In this glide pro­
cess segments of mixed character become pure edges, and hence their energy 
per unit length increases . However, the decrease in length overcompen­
sates this Increase if Polsson's ratio is not too large . 
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(ii) When growing by climb the loops are induced to rotate around an axis in 
their plane, towards the purely prismatic orientation . This is true as 
well for vacancy loops as for interstitial loops, as shown in Fig. 13 
where the arrows indicate the sense of climb, giving rise to loop growth. 
From these arguments it becomes plausible to assume that most of the 
larger loops will be in the (110) plane perpend icu Lair, to t hèí-r ^Burgers vector' <ar»k 
very nearly so . 
4*3*3* The sign of the Burgers vector - Principle of the method 
The sign of the Burgers vector can be determined if the loop plane is 
put at an angle with respect to the electron beam . This situation is represented 
in Fig. 14 . 
The sign of s, the excitation error, follows from' trie relative position 
of the spot, responsible for contrast, and the Kikuchi lines associated with it . 
For a spot to the right of the tilt axis the sign can be deduced from Fig. \5 and 
mutatis mutandis if it is to the left of the tilt axis „ The sign of s is called 
conventionally positive if the reciprocal lattice point is inside Ewald's sphere. 
The sign of s determines the sense S into which the lattice has to be rotated in 
order to approach the Bragg condition ; S is indicated in Fig. 15 . 
4o4o Illustration of the procedure as applied to the loops in platinum 
The whole procedure shall now be followed step by step for one family of 
I oops . 
4*4*1* Observation in the normal position of the foil 
(ï) Burgers vector : 
Fig. 16 shows a number of loops of which some, indicated by arrows, only 
exhibit so­called residual contrast, due to the radial displacements . The foil 
pi ane is ( 110), the cont rast produc i ng spot ¡s ( ΓI I) . From the three ã < I I0> type 
vectors in the (Til) pi ane, one Is perpend icular to the foil pi ane ­| <II0>. The 
others form an angle of 30° with the plane and would correspond either to very in­
clined prismatic loops, or to loops which are far from being purely prismatic . 
The loops are furthermore out of contrast for other reflections normally operating 
in this orientation . It is therefore concluded that the Burgers vector of the in­
dicated loops must be ã < I |0> i.e. perpend icuIar to the foi I ρ lane . 
(i i) Loop plane : 
When having a v e c t o r pe rpend i cu la r t o the f o i l plane the loop must l i e 
very near ly ih the f o i l plane in o rder t o be pure ly p r i s m a t i c . This is in agree­
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ment with their shape which suggests that they are not in very inclined planes . 
This conclusion can be checked further by looking at it in the inclined positions. 
The procedure is furthermore not dependent on small deviations from the assumed 
loop plane . In this case an uncertainty of about 20° each way in the Inclination 
with respect to the foil plane would not alter the final conclusions „ 
4*4*2, Observa t ions in the inclined pos i t ions of the foil 
( i ) Rotation axis and tilt axis 
The foil is mounted on a wedge, in the way described by GROVES and 
KELLY [12] ·. The foil is now Inclined at about 45° with respect to its normal po-
sition and we know in which sense . The axis of rotation is taken paral iel to the 
tilt axis of the specimen holder. Its exact direction Is deduced by measuring a 
number of distances between the same loop pairs on photographs taken in both posi-
tions „ The ratios of the distances in the Inclined position to the corresponding 
distances in the normal position have a maximum for the direction of the axis of 
rotation and a minimum for the d i reet i on'perpendicuI ar to it . 
The direction of the axis of rotation found in this way Is horizontal in Fig. 16 ; 
It is indeed para Mel to the tilting ax Is of the spec imen holder. We know from 
the way the grid was mounted, and taking into account electron optical image in-
versions, that the loop plane is inclined as represented in Fig. 16 by the two in-
dications "up" and "down" . 
( Ìï ) Determination of the image side 
By comparing Fig. 16b and 16c which shows the same loops with a different 
sign for g (obtained by tilting) it Is concluded that the ¡mage is inside on Fig. ':6c 
for the indicated loops . 
(ili) Determination of the sign of s 
The diffraction patterns corresponding to Fig. 16b and !6c show that s 
Is positive in both cases . This Is found to be Invariably the case In the platinum 
foils „ It ¡s a consequence of the anomalous transmission which causes the rocking 
curve to be asymmetrical, having its maximum for positive s-values . Looking along 
the rotation axis from the left to the right of the photograph the diffraction spot 
producing contrast is to the right of the centre, when the contrast is· inside the 
loop (Fig. 16b) . With reference to Fig. 15b, which is drawn also viewed along the 
rotation axis in the same sense, one can conclude that the image is at the correct 
side on i y for vacancy loops (Fig. 14) . 
The procedure described here for one family of loops was repeated for se-
veral specimens and for several families of loops. It was found that both vacancy 
and interstitial loops are present . A similar conclusion was recently reached for 
loops in fission fragment Irradiated aluminium [20] . Table I summarizes the results 
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of counting the number of identified loops . The statistics are not yet sufficient 
to draw a definite conclusion . Apparently the number of interstitial and vacancy 
loops seems to be roughly equal „ 
TABLE I 
Number of Number of loops Loops of vacancy Loops of Inter­
experiment analysed character stitlal character 
1 33 7 26 
2 19 17 2 
3 28 4 24 
4 24 17 7 
5 II ­ 10 I 
4o5= Loops w i t h a s t a c k i n g f a u l t 
Some of the loops in specimens, which were not used f o r the c o n t r a s t ex ­
per iments , apparen t l y e x h i b i t a un i fo rm c o n t r a s t i ns ide . Al though i t i s d i f f i c u l t 
t o e s t a b l i s h t h i s d e f i n i t e l y f o r loops o f smal l s i z e , some of the l a r g e r loops 
(see F i g . 12) a lso suggest t h a t they e x h i b i t s tack ing f a u l t c o n t r a s t . We w i I I now 
show t h a t t h i s Is not comple te ly unexpected f o r i n t e r s t i t i a l loops . I t i s wel I 
known t h a t t he s tack ing f a u l t in a loop r e s u l t i n g from the c o l l a p s e of a s i n g l e ­
layered vacancy d i sc can be removed by the passage o f one p a r t i a l o f t he t y p e § [ l l 2 ] 
[ 2 Í ] . The shear s t r e s s a v a i l ab le f o r nuc l ea t i ng t h i s p a r t ¡ a l is g iven by σ = γ / b . 
The s i t u a t i o n i s , however, d i f f e r e n t f o r i n t e r s t i t i a l loops ¡n the face 
centered cub ic meta ls . An i n t r i n s i c s t ack i ng f a u l t now r e s u l t s . This f a u l t can 
be removed by the passage of two p a r t i a l s , one e i t h e r s ide o f the loop plane [22] . 
ThIs Is v i sua I ¡zed in F i g . 18 . A f t e r the f i r s t par t i al is nue leated the Ioop s t i I I 
con ta ins a s t a c k i n g f a u l t ( F i g . 18b) and I t s v e c t o r Is of the type ­| [ l 4 i ] r e s u l t i n g 
from the r e a c t i o n | [ i l l ] + | [ Ï2T] ­ f [141] [ 2 3 ] · . No e l a s t i c energy is gained in 
t h i s r e a c t i o n „ Since the f a u l t is not e l i m i n a t e d comp le te l y , on ly a f r a c t i o n o f 
the s t ack i ng f a u l t energy, say Δ γ . , ¡s a v a i l a b l e f o r n u c l e a t i n g t h i s f i r s t p a r t i a l . 
The cor respond ing shear s t r e s s I s cr. = Δ γ . / b . The shear s t r e s s a v a i l a b l e f o r nu ­
c l e a t i o n o f the second p a r t i a l is then ϋ^- ( γ - Δ γ . ) / b . 
The reac t i on t ak i ng place is now e . g . | [ 141] + | [T Î2 ] ­ | [θ I I ] . 
I t may t h e r e f o r e we l l be t h a t whereas s t ack i ng f a u l t s are r e a d i l y removed from v a ­
cancy loops, they are not removed from i n t e r s t i t i a l loops in meta ls o r a l l o y s where 
the f o l l o w i n g r e l a t i o n s are s a t i s f i e d : σ < γ /b but σ_ > Δ Y1 and σ > Y ­ Y.I. 
c C D b 
where σ is the c r i t i c a l shear s t r e s s necessary t o nuc lea te the p a r t i a l . 
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4.6. Conclusions 
From the experiments described above and from the discussion the follo­
wing conclusions can be drawn . 
(i) The geometry of the crystal lattice is of importance if one wants to ex­
plain the details of damage formation . This is concluded from the deco­
ration effects at subboundaries and at coherent twin boundaries . 
(il) The formation of loops seems to be a heterogeneous nucleation process. 
This is suggested by the Influence of quenching on the concentration of 
loops and by the dependence of the concentration at a given dose on the 
damage rate „ 
(ili) The annealing behaviour of defects is Influenced by the simultaneous pre­
sence of dissolved gases : the annealing temperature seems to be shifted 
upwards . 
(iv) The Irradiation with α-particles and with fission fragments produces as 
well vacancies as intersti t ! al s . Loops due to both types of defects can 
be Identified and are observed after annealings at temperatures as high 
as 500°C . 
(v) A technique is described in detail which allows In principle to determine 
the concentration of defects of each type by measuring the total area of 
loops . 
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